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The cortical actin–myosin network in
cells not only provides a scaffold but
also acts as a functional barrier and
pathway for vesicles to be recruited
and translocated to the plasma
membrane.
Recently developed SR microscopy
techniques have helped unravel the
interactions between this network
and secretory vesicles, yielding new
insights into its functions.
Stimulated exocytosis leads to micro-
and nanoscale relaxation of actomyo-
sin networks and its remodeling, pro-
moting vesicle translocation to the
plasma membrane.
The actomyosin network acts as a
picket-fence network, trapping trans-
membrane proteins and associated
proteins and lipids, which in turn might
regulate exocytosis.
Nanoscale remodeling of the actomyo-
sin network during fusion also contri-
butes to the expulsion of the vesicle
contents.
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f.meunier@uq.edu.au (F.A. Meunier).Cellular communication relies on fusion of secretory vesicles with the plasma
membrane, following dynamic events that change the micro- and nanoscale
environment of the approaching vesicles in the vicinity of docking sites. Visu-
alization of ﬁne cortical actin network structures and their interactions with
vesicle and plasmamembrane has recently been facilitated by the development
of new imaging technologies. Consequently, a greater understanding is emerg-
ing of the role of the cortical actin network on controlling secretory vesicles as
they undergo docking, priming, and fusion in exocytic hot spots. In this review,
we propose a mechanistic framework underpinning the mesoscopic properties
of the cortical actin and discuss how molecular coupling of these pleiotropic
effects orchestrate every single step of regulated exocytosis.
The Cortical Actin Network Regulates Exocytosis: From Micro- to Nanoscale
Regulatedexocytosisofsecretorygranulesorvesicles isa fundamental cellularprocess involved in
many functions, including neurotransmission, hormone secretion, cell migration, and thrombosis
[1]. Successful secretion relies on the effective delivery of granules from inside the cell and the
timely fusion of secretory vesicles with the plasma membrane. These processes involve the
cortical actin network; a dense mesh of actin ﬁlaments that lies beneath the plasma membrane.
Thisnetworkhas twoseeminglyopposing functionsduring regulatedexocytosis:anegative roleof
the actin network providing a diffusion barrier that prevents the access of granules to secretory
sites and traps secretory vesicles in cortical network [2–4], and the positive role works by driving
exocytic vesicles to the fusion site, regulating the fusion pore, and providing the force to complete
fusion [5–7]. Such simultaneous opposing functions raise the question of how the actin cortex
interactswith secretorygranulesandchanges theenvironment to facilitate fusionandsubsequent
exocytosis [8,9]. The cortical actin network is key to recruiting secretory granules [10] in the
immediate vicinity of the plasmamembrane. It therefore constitutes a large area (microscopic) in
which secretory vesicles are embedded in readiness to undergomyosin-II-dependent transloca-
tion to the plasma membrane in an activity-dependent manner [11,12]. Upon the arrival of these
vesicles at hotspots of the plasmamembrane [13,14], a continuum of nanoscopic events allows
docking and priming to occur. The environmental changes surrounding individual secretory
vesicles are deﬁned as nanoscopic, considering that the individual ﬁlaments display dynamic
polymerization anddepolymerization or reorganization around the granules, togetherwith enrich-
ment in molecules such as lipids and lipid-binding proteins. We therefore propose that the
continuum of microscopic events that culminates in the nanoscale changes that occur around
newly docked vesicles constitute a biological [282_TD$DIFF]mesoscopic (seeGlossary) effect that is speciﬁc to
the continuum of interactions initiated by these vesicles at the cortical actin network. This in turn
leads to the functionalization of hotspots (release sites) on the plasma membrane.
The cortical actin ﬁlaments are arranged in a network abuting the plasma membrane with a
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Glossary
Blebbistatin: a small molecule
inhibitor mostly speciﬁc for myosin II.
Blebbistatin potently inhibits
vertebrate nonmuscle myosin IIA and
IIB via inhibiting the actin-activated
MgATPase activity.
Cytochalasin D: a cell-permeable
and potent inhibitor that has the
ability to bind to actin monomers and
block polymerization and the
elongation of actin ﬁlament
fragments.
Jasplakinolide: a cyclodepsipeptide
that has the ability to stabilize F-actin
and promote actin polymerization.
Latrunculin (A or B): actin ﬁlament-
disrupting macrolides that are used
for studying the role of actin in
diverse cellular processes by
promoting depolymerization.
Latrunculin A or B forms complexes
with actin monomers and decreases
the concentration of actin ﬁlaments.
Mesoscopic: on a scale between
microscopic and macroscopic.
Nanodomain: a small set of
membrane-associated molecules
(protein and lipids) directly or
indirectly interacting conﬁned within a
small (nanoscale) region such as on
the plasma membrane.
Neural Wiskott–Aldrich syndrome
protein (N-WASP): a ubiquitously
expressed member of WASP family
proteins, that regulates cortical actin
remodeling as downstream effectors
of the Rho-family small G-proteins
Rac and Cdc42.
Peri-membrane region: within
close proximity to the membrane.
Secretagogue: a substance that
promotes the secretion of hormones,
chemical neurotransmitters, or other
molecules synthesized and secreted
by cells. Secretagogues may be
endogenous biological substances,
or exogenous agents obtained from
plants, or artiﬁcially synthesized
pharmacological agents.challenges, however, have hampered investigation of the detailed function dynamic interac-
tions between the cortical actin network and secretory granules in regulated exocytosis.
Previous observations have been obtained under conventional light microscopy using drugs
or toxins that induce global changes in the actin cytoskeleton, with seemingly contradictory
conclusions being drawn on the role of the cortical actin network in regulated exocytosis [9].
Recently, the development of super-resolution (SR) microscopy combined with the generation
of novel speciﬁc probes has led to new insights regarding the role of the cortical actin network in
regulated exocytosis [8,9,11,12,15–25]. Importantly, advanced SR techniques not only image
ﬁxed specimens, but also visualize ﬂuorescent molecules with high-speed and low-illumination
intensities at<50 nm resolution for multiple frames, enabling time-lapse measurements of both
actin dynamics and granule movements before and during exocytosis [26]. As such, the
spatiotemporal interactions between the actin–myosin (actomyosin) network and secretory
granules have been imaged in unprecedented detail at both the micro- [8,12–14,18], and
nanoscale [19–25] level during single exocytic events. Spatiotemporal analyses show that
individual vesicle fusion events occur in hotspots that are closely associated with the cortical
cytoskeleton [13,14]. SR imaging has further demonstrated that granule secretion occurs in a
microscale region where the cortical density is low [19,21], but relies on the nanoscale structure
of the actin-related scaffold around secretory granules, which contributes to granule translo-
cation and exocytosis [23–25,27]. Furthermore, emerging lines of evidence suggest that
microscale actin remodeling in the secretory hot spots is coupled to nanoscale actin remodel-
ing around exocytosing granules [8,23–25,28], although the micro/nano coupling and the
relationship among F-actin remodeling, granule movement, and degranulation events some-
times appear to be complex and nonlinear [11]. Such a coupling between the micro- and
nanoscale layers of the cortical actin network could potentially coordinate events such as
vesicular translocation, docking/priming, and fusion/repulsion of cargoes in regulated
exocytosis.
In this review, we summarize newly described functions of micro- and nanoscale actin
remodeling and their coupling in regulated exocytosis. We also discuss the importance of
understanding the mesoscopic regulation of exocytosis and its molecular mechanism, and
then propose future avenues of research in this ﬁeld, emphasizing the need to study the role of
the cortical actin network on different levels over the full range of regulated exocytosis, which is
inherently a 3D process.
Microscale Cortical Actin Remodeling in Regulated Exocytosis
Recent investigations have revealed that dynamic local changes in the cortical actin ﬁlamentous
network play a critical role inmobilizing vesicles in readiness for fusion [29]. The close proximity of
this network to the plasmamembrane creates a compartmentalization of themembrane [30–32].
The actin-based cytoskeleton generates ‘fences’ beneath the plasma membrane, with these
fences serving as anchors that ‘pickets’ transmembrane proteins in the underlying membrane
[30,33]. One of the early descriptions of the function of the actin cytoskeleton was in chromafﬁn
cells, where its role in preventingmost cellular organelles from contacting the plasmalemmawas
highlighted [34,35]. Itwas thereforeproposed that amajor purposeof themeshworkwas toact as
a diffusional barrier that prevents access to vesicle fusion sites (Figure 1) [36,37]; a notion thatwas
conﬁrmed based on studies that used chemicals to stabilize or prevent actin polymerization
[38,39]. However, stimulated exocytosis has more recently been shown to alter the organization
and the tensile strength of the underlying actin network, allowing vesicle to ﬁrst bind to the cortical
actin network viamyosin VI small insert isoformand then translocate to the plasmamembrane via
myosin-II-dependent relaxation of the actin meshwork [8,12,18,40]. Recent imaging systems2 Trends in Cell Biology, Month Year, Vol. xx, No. yy
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Figure 1. Microscale Cortical Actin Remodeling in Regulated Exocytosis. (A) The actomyosinmeshwork acts as a
diffusional barrier that prevents access to vesicle fusion sites. Stimulated exocytosis or chemically induced depolymer-
ization of actin breaks down this barrier. (B) Oscillating levels of Ca2+, PtdIns(4,5)P2 and cortical F-actin mediate the
sequential stages of vesicle fusion. (C) Stimulation translocates the cortical actin network as well as its myosin VI small
insert-bound vesicles toward the plasma membrane. The small insert contains a critical Src-kinase phosphorylation site
that controls recruitment of vesicles to the cortical actin network. The relaxation of the network allows attached vesicles to
fuse with the plasma membrane.have revealed periodic changes in the cortical actin network in controlling granule translocation
and subsequent exocytosis [8,12].
Actin Cortex Oscillation
In several types of cells, the cortical F-actin meshwork is dynamically remodeled following
stimuli that elevate the cytosolic Ca2+[281_TD$DIFF] concentration [8,41–43]. Early studies using neurose-
cretory cells showed that high cytosolic Ca2+ levels activate the actin-ﬁlament-severing protein
scinderin, which disassembles the cortical actin network to allow secretory vesicles to reach theTrends in Cell Biology, Month Year, Vol. xx, No. yy 3
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antigen-triggered mast cell activation and allergic responses [44], the depolymerization of the
cortical actin due to the addition of latrunculin affects secretion in a biphasic manner. Although
latrunculin causes a small increase in total secretion, the initial rate of exocytosis is actually
reduced [8], suggesting that the cortical actin acts both to facilitate and hinder secretion.
Single-cell secretion measurements using ﬂuorescence de-quenching of previously endocy-
tosed dextran–ﬂuorescein isothiocyanate showed that activation of the FceRI receptor results in
cell-wide calcium oscillations and exocytosis events that occur at peak calcium in each cycle
[8,9]. Further experimental and computational analyses have suggested that vesicle fusion
correlates with the observed actin and Ca2+ oscillations [8,9]. A vesicle secretion cycle starts
with the capture of vesicles by actin when cortical F-actin is high, followed by vesicle translo-
cation through the cortex when F-actin levels are low, culminating in vesicle fusion with the
plasma membrane when the Ca2+ level subsequently increases. In addition, it has also been
reported that Ca2+ oscillations are coupled to the antigen-stimulated oscillation of phospha-
tidylinositol-4,5-biphosphate [PtdIns(4,5)P2], which is involved in exocytosis [45]. Thus, cells
use oscillating levels of Ca2+, PtdIns(4,5)P2 and cortical F-actin to orchestrate the sequential
stages of secretion (Figure 1).
A recent study has also shown that both the formation of new actin ﬁlaments and the disruption
of the pre-existing cortical actin network are induced by Ca2+ concentrations that trigger
exocytosis in bovine adrenal chromafﬁn cells [43]. Although inhibition of actin polymerization
with the neural Wiskott–Aldrich syndrome protein (N-WASP) inhibitor wiskostatin restricts
fusion pore expansion, thereby limiting the release of transmitters, the disruption of the cortical
actin network with cytochalasin D increases the amount of transmitter that is released per
event. It appears that a rise in cytosolic Ca2+ triggers actin polymerization through amechanism
that involves Src kinases [43]. This study therefore reveals another aspect of the stage-
dependent regulation of vesicle behavior by Ca2+ oscillations.
Together, these ﬁndings explain how the actin cortex can paradoxically function as a carrier as
well as a barrier for vesicle secretion [8,9]. As in the case of dense core vesicle secretion, the
cortical actin network may generally enhance the effectiveness and robustness of cellular
outputs by using such an optimized oscillatory system. In addition to being able to copewith the
challenge of controlling regulated secretion, the actin cortex is critically required to maintain cell
shape and prevent the formation of membrane blebs [46].
Coordinated Action of the Actin Cytoskeleton throughout Cells
The actomyosin network plays an essential role during neuroexocytosis and its pleiotropic
functions have received considerable attention [3,40,47]. Recently, 3D tracking of secretory
granules in live chromafﬁn cells revealed three different zones [18]: a central cytosolic region
where vesicles diffuse freely; a subcortical region where vesicles undergo directed transport;
and a cortical region where vesicles are mainly caged and conﬁned in motion by the cortical
actin network [18,29]. The subcortical transport zone does not exhibit directionality, with an
equivalent number of vesicles going to and from the cortical region. Secretagogue stimula-
tion dramatically alters this balanced directionality and effectively leads to vesicle transporta-
tion toward the plasma membrane thus suggesting an added activity-dependent role of this
meshwork in mediating vesicle fusion [12,18]. The subcortical transport zone is equally
blocked by inhibitors of actin and tubulin polymerization, indicating a possible interplay
between the two cytoskeletal networks. More generally, the idea that granules diffuse freely
within the cytosol is clearly obsolete as only a small subset of them generally far from the
plasma membrane exhibit behaviors in line with free diffusion. As the granules approach4 Trends in Cell Biology, Month Year, Vol. xx, No. yy
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membrane in an activity-dependent manner [12,18] and recruit them on the cortical actin
network in a myosin-VI-dependent manner [10].
Onceembedded in thecortical actinnetwork thesecretory vesiclesare translocated to theplasma
membrane in an activity-dependent manner [12]. The expression of Lifeact-GFP, a GFP actin-
binder [284_TD$DIFF]to visualizeF-actin, in chromafﬁncells [48]wasused todemonstrate that secretory vesicles
and the actin network simultaneously translocate toward the plasma membrane upon secreta-
goguestimulation [12], and toshowthat this isdependentonmyosin II function.Thiswasachieved
through the myosin-II-dependent relaxation of the cortical actomyosin network (Figure 1). The
cortical actomyosin network acts as a ‘casting net’ that translocates tethered secretory vesicles
toward theplasmamembranewhere they undergoMunc18-1-dependent docking [12]. Once on
the plasma membrane, secretory vesicles are primed in a Munc18-1-dependent manner with
domain-3a hinge-loop [285_TD$DIFF]being essential for opening syntaxin 1A, thereby allowing it to participate in
SNARE [286_TD$DIFF](soluble NSF attachment proteins) complex assembly, which is a critical protein complex
triggering vesicular fusion [49]. Theactin network is also involved in the late stage of exocytosis; at
whichpoint it playsa role in fusionpore formationandmaintenance togetherwith thegenerationof
an array of actomyosin II surrounding secretory vesicles in order to help extrude the content of the
vesicles following the fusion process [50,51]. Other functions such as maintenance of vesicle
integrity during exocytosis have been proposed [20].
Nanoscale Cortical Actin Remodeling in Regulated Exocytosis
The network of cortical actin is formed by numerous ﬁne actin ﬁlaments, which are only about
10 nm in diameter [52]. Although the microscale role of the cortical actin network in vesicle
exocytosis is well established, the function of the ultraﬁne actin ﬁlaments has been underap-
preciated due to the diffraction limit of ﬂuorescence imaging technology. Recently, the emerg-
ing development of SR technologies has allowed the visualization of the remodeling of these
nanoscale actin ﬁlaments as they control the immediate surroundings of the secretory granules
as they undergo docking, priming, and fusion in exocytosis hot spots [19,24,26].
Using these SR techniques, such as structured illumination microscopy (SIM) or electron
microscopy, the ﬁne spatiotemporal details of actin remodeling could be visualized over the
entire exocytosis process [26]. It was proposed that the nanoscale remodeling of the actin
ﬁlaments surrounding secretory vesicles dynamically controls the fusion of primed vesicles
[25,53,54]. Such exquisite remodeling is independent from the oscillation and relaxation of the
microscale cortical network [8,12,55]. This actin-based nanostructure around vesicles not only
physically facilitates exocytosis by caging vesicles at the fusion site or crosslinking vesicles to
the plasma membrane, but also provides a scaffold on which various regulators of exocytosis
are recruited, thereby orchestrating the ﬁnal stage of exocytosis [23] (Figure 2).
Actin Bundling around Vesicles
Previous results have revealed that the remodeling of actin ﬁlaments around exocyting large
vesicles, such as the Weibel Palade bodies (WPBs) in vascular endothelial cells and lamellar
bodies in lung type II alveolar cells, functioned following the opening of the fusion pore via the
polymerization of G-actin monomers to form an actin coat structure surrounding vesicles
[6,51,56]. In combination with myosin family proteins, this actin coat structure possessed the
contractile ability to squeeze vesicles, promoting the full release of the content of the vesicles
after opening of the fusion pore [51,56]. However, recent studies using SR imaging have
demonstrated that besides the importance of actin polymerization at postfusion steps, the pre-
existing nanoscale actin ﬁlaments also play roles in the docking and fusion of vesicles [25,54]. InTrends in Cell Biology, Month Year, Vol. xx, No. yy 5
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Figure 2. Nanoscale Remodeling of Cortical Actin Filaments. Phase I: vesicles are translocated in proximity to the
plasma membrane; a process that is mediated by actomyosin networks. Phase II: vesicles are docked at the fusion site by
bundled actin ﬁlaments. The bundling of actin ﬁlaments surrounding vesicles links the vesicles to the plasma membrane by
recruiting various molecules that interact with both the membrane lipid and the bundled actin at the nanoscale site,
including the annexin A2/S100A10 complex and its binding molecules, which are recruited by the SNARE complex. Zyxin
recruits both actin-binding proteins, a-actinin and myosin IIa, and the signaling transduction proteins, PKA and CK2, for
the local activation of their effectors, ensuring diverse functions at this nanoscale cluster. The remodeling of nanoscale
cortical actin in turn facilitates the formation of lipid domains at the fusion site. Phase III: after fusion, the contractility of the
actin coat with myosin II around the vesicle together promote the expulsion of cargo. The polymerization of the cortical
actin beneath the plasma membrane around the fusion site also maintains the membrane tension and the size of fusion
pores via its interaction with the membrane lipid. Abbreviations: CK2, casein kinase 2; PKA, protein kinase A.WPBs, the ultraﬁne pre-existing actin ﬁlaments show clear reorganization around exocytic
vesicles before fusion, which has also proven to be independent of G-actin polymerization.
Unlike the actin-coat structure that is generated by polymerization of G-actin monomers, the
actin-framework structure makes use of the pre-existing actin ﬁlaments, forming a scaffold
around vesicles to limit their movement, and promoting the docking steps [25]. Trajectory
studies revealed that the formation of the actin framework is always accompanied by a sudden
decrease in the movement of vesicles, suggesting that the function of this nanoscale actin
structure is to cage vesicles at the fusion site [25]. The presence and dynamic remodeling of
nanoscale actin ﬁlaments has also been detected in chromafﬁn cells by electron microscopy
[19,54]. After nicotine stimulation, actin bundling is observed at exocytotic sites, anchoring
vesicles at the docking site [54]; a process that is mediated by annexin A2 and the interaction
between cortical actin and the plasmamembrane. The bundled actin ﬁlaments not only link and
anchor exocytic vesicles to the plasma membrane, but also provide a scaffold for lipid
nanodomain formation at the fusion site. Ultraﬁne actin ﬁlaments build a bridge between
the vesicle and plasma membranes, anchoring vesicles to the cell membrane [25]. This
provides additional evidence for the role of nanoscale actin ﬁlaments in efﬁciently controlling
the docking stage.
The bundled actin ﬁlaments also serve as a molecular scaffold for the recruitment of priming
molecules including actin crosslinking proteins, lipid/lipid binding proteins, and signaling6 Trends in Cell Biology, Month Year, Vol. xx, No. yy
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sites, which facilitate both nanoscale actin remodeling and the subsequent steps of exocytosis.
In endothelial cells, the focal adhesion protein zxyin is enriched in the actin-framework
structure, which then recruits the actin-regulating protein a-actinin and myosin IIa, which
are critical to either the crosslinking of ultraﬁne actin ﬁlaments or the function and contractility
of the nanoscale structure around vesicles [25,56]. The loss of function of these proteins causes
failures in both forming the nanoscale actin bundled structures and priming. annexin A2 is
another protein involved in the nanoscale function of bundled actin ﬁlaments. As a calcium-,
actin-, and lipid-binding protein, its function in exocytosis has long been characterized in
several cell types, such as chromafﬁn cells and endothelial cells [28,53,58]. The interaction
between annexin A2 and S100 calcium-binding protein A10, the latter generates a tetramer
that promotes the bundling of actin ﬁlaments between the vesicle and plasma membranes in
chromafﬁn cells, thereby facilitating the remodeling of the membrane at the fusion site [53,54].
Annexin A2 can also interact with other molecules participating in vesicle docking and fusion. In
chromafﬁn cells, it has the ability to interact with SNARE proteins such as SNAP23 [59]. The
translocation of annexin A2 to the fusion site where it is recruited by SNARE complex is
necessary for the formation of the GM1/cholesterol/PtdIns(4,5)P2 clusters, which are critical for
the docking and fusion steps [60]. The remodeling of nanoscale cortical actin ﬁlaments
facilitates docking, priming, and fusion at exocytic sites by forming the nanoscale structures
that surround secretory vesicles and recruit various lipids to generate nanoclusters at the fusion
site.
Actin Coating during Fusion
The remodeling of the actomyosin network due to secretagogue stimulation not only trans-
locates and docks vesicles but also contributes toward the kinetics of the vesicle fusion pore
[29,61,62]. Inhibition of myosin II in chromafﬁn cells by blebbistatin decreases the number of
individual release events, while the expression of a nonphosphorylatable myosin II prevents
fusion pore expansion [62,63]. Inhibition of actin polymerization by cytochalasin-D decreases
the expansion rate of the fusion pore and increases its lifetime [62,63]. In endothelial cells,
cortical actin ﬁlaments form actin coats at the surface of exocytosing WPBs, which have also
been identiﬁed in other types of cells containing large vesicles, such as lamellar granules, and
even in the salivary gland of Drosophila and in pancreatic exocrine cells [64,65]. Actin polymeri-
zation and nucleation, mediated by nucleation factors such as Arp2/3, are critical for the
formation of the actin coat, which is triggered at the boundary between the plasma membrane
and the vesicle membrane [66,67]. Themain function of these actin coats, which are also called
ring structures, is to constrict the vesicles, thereby promoting the expulsion of their cargo.
Several lines of evidence show that the actin-coating process is completed by two ordered
actin polymerization steps: linear elongation and branching. First, the actin monomers are
recruited for the linear actin elongation mediated by elongation factors, such as formins, which
originate from the apical membrane [51,68]. After elongation, Arp2/3 complex binds to linear
actin and catalyzes the formation of branched actin, which is essential for the formation of actin
coats [65]. Linear actin elongation is also involved in microscopic actin remodeling. Therefore,
the coupling of micro- and nanoscale actin remodeling may be determined by the regulation of
elongation and/or branching. This effect requires myosin II activity. Myosin II is recruited to the
actin coat structure where it functions as the molecular motor that drives the contractility of the
coat. The inhibition of myosin II activity leads to a prolonged lag time between fusion and
complete release, indicating inefﬁcient exocytosis [25,56]. These ﬁndings indicate that the
cortical actomyosin network is involved in regulating the kinetics of cargo release events in the
ﬁnal stages of exocytosis [29]. The actomyosin network is known to be under tension [12],
hence changes in the mechanical forces exerted by this network could contribute to theTrends in Cell Biology, Month Year, Vol. xx, No. yy 7
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the actin meshwork [51,68]. Src kinases that regulate actin polymerization also regulate the
expansion of the fusion pore [43]. In addition, the Src kinase substrates cortactin and N-WASP
similarly promote actin polymerization and also regulate fusion pore expansion [69]. Another
regulator of F-actin polymerization, Cdc42, also regulates the expansion of the vesicle fusion
pore by regulating membrane tension [70].
In addition to the formation and contractility of the actin coat around vesicles after fusion, a
recent study on the Ω-shaped proﬁle of vesicles, which indicates vesicles undergoing fusion,
identiﬁed a novel role of actin polymerization in generating the tension needed to pull synaptic
vesicles during ‘kiss-and-run events’, where the fusion pores of vesicles open and close
transiently [20]. Inhibition of actin polymerization in lamprey synapses led to the accumulation
of the Ω-shaped proﬁle at the active zones [20]. Further work supported this novel concept by
demonstrating vesicle fusion upon an increase in membrane tension [71]. TheΩ-shaped proﬁle
is also promoted by stabilizers of actin such as jasplakinolide in the kiss-and-run mode [72].
This provides an alternate explanation for the effect of the cortical actin network on vesicles
undergoing exocytosis, whereby they act as a scaffold that transiently supports and stabilizes
the Ω-shaped proﬁle [72]. This Ω-shaped proﬁle is prevalent upon low frequency stimulation or
low calcium ion concentration, whereas high frequency stimulation or high calcium ion con-
centration has a dramatic effect in disrupting the actin network (with the resulting absence of
tension), leading to full vesicle fusion [29,43,61,72]. Other regulatory proteins such as dynamin
have also been shown to use a common pathway with F-actin in regulating the expansion of the
vesicle fusion pore [73,74].
Taken together, the nanoscale actin structures and remodeling at various sites facilitate efﬁcient
vesicle exocytosis by optimizing the molecular environment for docking, priming, and fusion,
and promoting full release of cargo after fusion (Figure 2).
Mesoscopic Properties of the Cortical Actin Network
The identiﬁcation of the nanoscale functions of the actin network demonstrates that cortical
actin can regulate exocytosis behavior both on the larger scale of the cortical actin network and
the nanoscale level around secretory vesicles and at the boundary between the plasma and
vesicular membranes. Paradoxically, these mesoscopic remodeling processes share some
effectors, such as myosin IIa, which could provide the basis for their coupling and synchronicity
to ensure complete and efﬁcient exocytotic events [12,56,75]. Such synchronization lies not
only in the dynamics of the actin structure but also in the molecular preparation for proper
function on the nanoscale level.
Temporal and Spatial Micro/Nanoscale Coupling
Recently, the oscillatory nature and activity-dependent relaxation of the cortical actin network in
triggering vesicle translocation revealed a functional cortical actin layer that is non-homogenous
in acting as a physical barrier. Indeed, the pre-existing actin ﬁlaments in certain sites help the
approach of vesicles to the proximity of the plasma membrane [12,24]. This effect requires, at
the microscale level, a low local density of cortical actin. However, a lower density of the actin
cytoskeleton is conducive to higher vesicle mobility, which is detrimental to vesicle docking and
fusion. Therefore, while most of the cortical actin network is cleared or relaxed, the ultraﬁne
actin ﬁlaments are activated and form the basis of the nanoscale function of the network. These
reorganized ultraﬁne actin ﬁlaments help to precisely trap and anchor vesicles, and translocate
them to the peri-membrane region, which is necessary for their subsequent docking and
fusions [25]. Meanwhile, the nanoscale actin structure around each caged vesicle interacts with8 Trends in Cell Biology, Month Year, Vol. xx, No. yy
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building a molecular nanoenvironment conducive to priming and fusion [25,51,54,56]. Such a
mesoscopic function of the cortical actin structure may allow the coupling of the large-scale
recruitment of vesicles with their docking and priming at hotspots on the plasma membrane
during the sequential steps of exocytosis. However the precise mechanisms need to be further
investigated.
A Role for ‘Pickets’ and ‘Fences’ in Exocytosis
As the actin meshwork continuously undergoes thermal ﬂuctuations involving temporary
dissociation and reorganization, the conﬁnement of the transmembrane proteins within the
fences is transient, albeit essential for the generation of membrane protein nanodomains
[33,76,77]. The actin cytoskeleton therefore helps to organize proteins that are critical for
exocytosis such as the SNAREs (syntaxin1A and SNAP-25) into nanodomains of the plasma
membrane [76,77].
L- and P/Q-type calcium channels vital for calcium inﬂux during exocytosis are viewed as
pickets on the plasma membrane linked to the cortical actin network [77]. These transmem-
brane proteins not only limit the mobility of membrane proteins but also the mobility of
phospholipids which are partially trapped within these actin-based fences and pickets
[78,79]. Hence, lipids that interact with transmembrane proteins are expected to be conﬁned
within the boundaries generated by the fences and pickets [33]. Phosphoinositides that are
essential for vesicle fusion and interact with SNARE proteins have been shown to form
nanodomains that colocalize with the SNARE protein nanodomains [80]. Together, the actin
cytoskeleton acts as pickets and fences to conﬁned transmembrane proteins, and associated
proteins and lipids that provide a complex tripartite interface that is also involved in the diverse
stages of exocytosis. The sequential coupling between micro- and nanoscale actin remodeling
coordinates the translocation, docking, priming, and fusion steps in a temporally nonhomog-
enous continuum, leading to effective fusion events.
Coupling of Signaling Molecules
Although it is still incompletely understood how the signaling pathways temperospatially coordi-
nate the functions of the effectors of actin cortex at both micro- and nanoscale, some secondary
messengers appear to be critical for initiating intracellular signaling cascades. For example, the
oscillation inCa2+[283_TD$DIFF]concentrationcorrelateswith theoscillationsofcortical actinnetwork,whichhas
been shown to increase the efﬁciency of exocytosis. Meanwhile, the local Ca2+ concentration is
also critical for actin polymerization and thus the formation of the nanoscale structure of the actin
coat after fusion. These suggest a tight coupling betweenmicro- and nanoscale actin remodeling
elicited by Ca2+ signal transduction [5,57]. The involvement of Ca2+ in both kinds of cortical actin
remodeling suggests that these two cortical functions are closely coupled at the signaling
transduction level. In addition, lipid molecules and lipid-binding proteins have also been found
to couple the micro- and nanoscale cortical functions, for example PtdIns(4,5)P2. PtdIns(4,5)P2
governs thedeliveryofsecretoryvesicles throughapleiotropic rangeofactionsontheactincortical
networkduringexocytosis [81]. Ithasbeenshownto formnanodomains that togetherwithSNARE
proteins act as beacons for vesicles during docking [80,82]. Therefore, the molecular variety in
nanoscale cluster couples themicroscale and nanoscale cortical functions by regulating different
functions of common proteins.
Synchronization of Actin Effectors
Microscale cortical actin remodeling is required to recruit various regulatory proteins and signal
transduction molecules to the network. Similarly, the cortical actin ﬁlaments are reorganized toTrends in Cell Biology, Month Year, Vol. xx, No. yy 9
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Outstanding Questions
How do other physiological stimulants
of exocytosis (such as renin, cAMP,
ATP, and PACAP) alter the mesoscale
organization of the actomyosin
network?
Does the actomyosin network undergo
similar exocytosis-mediated tensile
strength changes and actin remodel-
ing at the presynapse?
Will the use of recent SR imaging tech-
niques allow for a better understanding
of the 3D depth of the actomyosin
network remodeling occurring follow-
ing recruitment of vesicles, and their
translocation and docking onto the
plasma membrane culminating in
priming and fusion?form nanoscale clusters that contain multifunctional proteins and lipids that contribute to the
crosslinking between actin and both the vesicular and plasma membranes [53,54]. The
molecules in these nanoclusters, including several signaling transduction proteins, are recruited
to the fusion site of the plasma membrane by the exocytotic SNARE complex [54,59]. Notably,
both cAMP and Ca2+-mediated pathways use common effectors such as myosin IIa, albeit that
its effect may vary [25,51]. Myosin IIa is involved in the microscale function of the cortical
network by mediating the relaxation of the cortical network that facilitates vesicle translocation.
Its activity is critical in translocating trapped vesicles toward the plasma membrane [12,23,29].
The long-range translocation of vesicles also require the reorganization of actin ﬁlaments and
the action of myosin molecular motors, such as myosin Vb [83] and myosin VI [10]. The
functional formation of the nanoscale actin framework and the contractility of the actin coat after
opening of the fusion pore also require the presence and activity of myosin IIa [51,56]. Recent
studies have shown that the different phosphorylation sites in myosin IIa are responsible for its
distinct roles in either microscale or nanoscale functions of cortical network [12,25,28,51,56]. In
endothelial cells, myosin IIa is phosphorylated at different serine sites, S1916 and S1943,
during exocytosis. In quiescent conditions, S1943 is highly phosphorylated, and is involved in
the positioning and translocation of vesicles, whereas after stimulation S1916 is phosphory-
lated and mediates the functional remodeling of the actin meshwork and small F-actin
structures [28]. This precise temporal regulation of myosin IIa activity is controlled by the
recruitment of casein kinase 2 by zyxin, which is responsible for the phosphorylation of S1943
of myosin IIa within nanoclusters [28].
Taken together, the microscale functions of the cortical actin network, such as oscillation and
relaxation of the cortex, and the nanoscale functions, such as actin bundling and contractility,
are closely orchestrated to precisely stage sequential exocytotic steps. This coupling at
mesoscale is highly dependent on the molecular composition of plasma membrane nano-
clusters, which contain multifunctional proteins with distinct roles in both microscale and
nanoscale functions. It should be noted here that while an increase in the intracellular calcium
concentration promotes exocytosis in most secretory cells, cAMP-induced renin release from
juxtaglomerular cells is suppressed by calcium. The mechanism underlying such a ‘calcium
paradox’ of renin secretion is not fully understood [84,85]. Based on the observations that
calcium-mediated inhibition of renin release is sensitive to the myosin light chain kinase inhibitor
ML-7 or ML-9, it was proposed that renin secretion may be regulated by calcium-dependent
myosin light chain kinase activation via the interaction with actomyosin [86,87].
Concluding Remarks
Conceptualization of the full aspects of the mesoscopic view and underlying mechanisms in
regulated exocytosis is still in its infancy, owing in part to the relative scarcity of relevant data;
however, novel experimental techniques and computerized simulation may improve this state
of affairs in the near future. Notably, while trying to understand the events and mechanisms
underlying individual secretory processes, one should not forget the dynamic properties of actin
networks on the microscale that may determine the localization of docking sites and the
frequency of exocytic events.
The application of recent imaging technologies has revealed new aspects in the role of the actin
cortex in regulated exocytosis, leading to new hypotheses that may resolve several disparate or
even opposing results from the literature. Despite this progress, the majority of studies in
exocytosis have focused on a few hundreds of nanometers from adherent secretory cells in
culture. The challenge will be to pursue these investigations in extending localizationmicroscopy
into thicker 3D samples, thereby allowing in vivo monitoring of this process. Currently, SR10 Trends in Cell Biology, Month Year, Vol. xx, No. yy
TICB 1426 1–13modalities are being combined to yield novelmethodologies, such as light sheetmicroscopywith
twophotonexcitation [88,89]andstructured illuminationmicroscopywith twophotonexcitation to
allow for improved spatial resolution and the ability to image deep into thick samples [19,21,90].
Recent advances in imaging single protein mobility and organization in live organisms such as
Drosophila larva motor nerve terminals have initiated this by providing a useful platform to
investigate how the dynamic changes in the actomyosin network correlates with vesicle
docking and fusion in vivo [22,91]. Use of dual-camera imaging to combine synaptic vesicle
tracking [92] with changes in actin dynamics will also elucidate the relevance of changes in the
tensile strength of the cortical actin network in staging vesicle docking and fusion [93].
It is worth noting that the cortical actin network is known to be actively remodeled in response to
elevated calcium ion concentration. It is interesting to note that catecholamines as well as other
types of secretion are only mediated by Ca2+ (see Outstanding Questions) and that other
secretagogues and downstream signaling platforms can lead to exocytosis such as cAMP,
ATP, pituitary adenylate cyclase-activating polypeptide (PACAP), and chloroquine [94–97].
Secretagogue stimulation by either barium chloride or nicotine have been shown to reorganize
the actomyosin network [12,98]. It would be interesting in the future to understand how the
cortical actin network is coupled to these other forms of stimulation. Furthermore, a number of
signaling pathways prevents nicotine induced catecholamine secretion through an unknown
mechanism [99]. It would be interesting to check whether the cortical actin network could be
altered by these antagonistic signaling pathways.
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